This paper describes experiments aimed at demonstrating the effectiveness of Pulsed Vortex Generator Jets in controlling separation on aircraft wings. The demonstration is accomplished by applying the jets to two relevant configurations and evaluating their effectiveness in a wind tunnel. The jet design and placement for both experiments was based on parametric studies described in a previous paper. In the first application, pulsed jets prevented separation over the wings on a three-dimensional lambda-wing fighter configuration at low speeds and high angles of attack. This experiment shows that the flow control method can enhance the lift, and hence the maneuverability, of advanced fighters in post-stall flight. The lambda-wing experiments also demonstrated that jets can be operated asymmetrically for lateral maneuvering control at high angles of attack. The second set of experiments tested higher speed ranges, applying jets to an airfoil section in a M = 0.3-0.5 flow. This configuration is relevant to subsonic cruise. The results show that Pulsed Vortex Generator Jets can increase lift and L/D, but they were less effective at supercritical speeds where separation is induced by hinge line shocks. In all cases, the jets increased lift over their effective range, while their drag effect was small.
NOMENCLATURE c
Airfoil chord length The present technique is the most recent in a progressive series of devices that delay separation by creating streamwise vortex structures over the wing upper surface. These structures mix high energy air from the freestream to replace the boundary layer fluid that has lost kinetic energy due to interaction with the surface. Thus by energizing the upper surface boundary layer, they supress stall. 4 Predecessors to PVGJs have included the solid vortex generators 5, 6 (VGs) in widespread use on commercial aircraft. Solid VGs are used primarily over inboard flapped wing sections.
They have also been used to increase stall margins on light aircraft.
Several investigations have demonstrated that the vortex structures could be created with steady wall jets. [7] [8] [9] [10] This technique could provide greater effect than the solid vortex generators because the jets could penetrate further into the flow than the solid generators, and furthermore produce less drag. However the jets require some source of air mass flow, and the limited availability of air or the energy to pressurize it make the steady jets less attractive.
The present work was aimed at finding a means to reduce the air flow required by jets while preserving their effectiveness for separation control. The flow control technique described in this paper, shown schematically in Figure 1 , exploits the vorticity generation capabilities of impulsively-started jets to enhance boundary-layer momentum transport. The effectiveness in suppressing stall is enhanced when the jet flow is made unsteady, or pulsed. [1] [2] [3] [11] [12] [13] [14] [15] [16] [17] This is due both to the enhanced vorticity production associated with the impulsively started jet flow 14 as well as the reduction in mass flow obtained because the jets are flowing for only some portion (10% to 50%) of the pulse cycle.
In addition to streamwise vortices, large-scale turbulent vortex rings are generated in the flow when the jets are pulsed. Both types of structures can substantially increase cross stream mixing and lead to stall suppression in adverse pressure gradients. The addition of pulsing has been shown to give good stall suppression with substantially lower jet mass flow requirements than when the jets were operated with steady flow.
On an airfoil, jets are placed on a leading edge flap. In high lift configurations, separation often occurs near the flap hinge line. The effectiveness of the jets is maximized if they are situated before the separation rather than in the wake.
This paper discusses the application of pulsed blowing systems on two models. The first set of wind tunnel tests described herein was conducted with a three-dimensional aircraft model.
The model resembles an advanced fighter configuration and has swept wings with the shape of
Greek lambda symbols, and hence, is called a lambda-wing model. These experiments show that PVGJs improve lift on finite, swept wings and can also be used for lateral maneuvering control at high angles of attack.
The second of the two applications described herein employed a transonic airfoil with a leading edge flap. Results will show that jets can delay separation in transonic flows. They increase both lift and L/D, though their effectiveness is greater just below the critical Mach number than just above it, where hinge line shocks instigate separation. These results endorse the applicability of PVGJs to high subsonic cruise of transport aircraft.
The remainder of the paper is divided into two sections, each addressing one of the two experiments. The sections discuss the model configuration and the pulsed blowing system particular to each. Then results from wind-tunnel tests are presented. In both cases, the experiments demonstrated that PVGJs are effective in delaying stall, thus increasing peak lift and L/D.
Jet Operating Parameters
In the subsequent discussion, the operating conditions of pulsed jets is characterized using four parameters deemed important in previous studies: velocity ratio, duty cycle, Strouhal Number, and momentum coefficient. The velocity ratio, designated VR, is the ratio of jet exit velocity to the wind tunnel freestream velocity. The duty cycle, û, is the fraction of the pulse cycle during which the jet is flowing. It is given as a percentage in the text of this paper but is treated as a fraction when used mathematically. The Strouhal number Str c is defined by the
where U is the freestream velocity, c is the airfoil chord, and f p is the pulse frequency in Hz.
The momentum coefficient for the air flowing through the jets is defined as:
It is useful for comparison the other flow control methods published by other researchers.
Prior work with flat plates and airfoil sections has shown that a particular range of parameters generally provided optimum separation control effect. Peak lift enhancement generally occurs near a Strouhal number Str c = 0.5. Lift enhancement generally saturates when the velocity ratio is increased beyond VR = 4. Prior investigations also showed that duty cycles of 25% produce the same effect as those of 50% for a given velocity ratio. Thus, 25% was chosen as it uses less air. These numbers were used as the design parameter sets for the two experimental efforts described in this paper.
LAMBDA WING EXPERIMENTS

Model Description
The wind tunnel model used in the first study is a generic tailless fighter configuration consisting of an ogive-cylinder fuselage with swept lambda wings ( The airflow for the pulsed jet system was individually metered to each wing using a mass flow controller (MKS Model 1559A) allowing maximum time-mean mass flowrates of 200 standard liters per minute (slpm) per wing. The pulse frequencies were continuously adjustable over a range from approximately 10 to 300 Hz. The system was controlled remotely from the wind tunnel control room through an umbilical cord supplying the metered airflow and electrical signals to operate the high-speed valves.
Pulsed Valve Measurements
Prior to the wind tunnel tests, the quality of the pulse shapes was verified. A hot film anemometer placed at the exit of each jet measured the temporal velocity profile. Figure 3 shows the velocity profile for an inboard jet. A clear pulse train appears, with minimal flow between pulses. All of the valves were identical in construction, except that the outboard valves were smaller, and the response shown here is characteristic of all of the actuator jets.
Wind Tunnel Facility, Instrumentation, and Test Conditions
The shown above in Figure 4 and that for the third case will be presented later. 
Discussion of Lambda-Wing Results
Baseline Aerodynamic Characteristics
Effects of Pulsed Vortex Generator Jets (PVGJs) on Lambda-Wing Aerodynamic Characteristics
Experiments were conducted using the leading edge PVGJ system to control separation over the wing upper surface at moderate-to high-.. The resulting effects on the models aerodynamic performance were measured and are described below. Initial experiments were conducted using the PVGJ design operating conditions: û = 25%, VR = 4, Str c = 0.5. Using these jet pulse conditions as a starting point, the effects of the PVGJs on the lambda-wing aerodynamics were evaluated. These tests indicated relatively minor improvements in lift performance and suggested that the jet pulse parameters were not optimum. Tests were then performed to separately evaluate the effects of jet pulse amplitude and frequency on lift enhancement near C Lmax and to determine optimum parameter ranges for the lambda-wing configuration. Figure 9 also indicates a drag reduction over the range of 18 . 26 deg and this corresponds to the region where lift increments were maximum. These effects combine to create maximum increases in lift-to-drag ratios (L/D) of approximately 17% when using PVGJs.
Effects of Asymmetric Pulsed Blowing on Model Rolling Moment
Tests were conducted to determine the effects of activating PVGJs on a single wing of the model to determine the feasibility of using the flow control system to effect rolling moments at high-.. Figure 10 The data indicate that, above VR = 2, by increasing the pulse intensity in single-side blowing, a monotonic increase in C roll can be produced. This result suggests that PVGJs may be used for improving high-. maneuverability in situations where conventional control surfaces may become ineffective due to separated flow. A reversed rolling moment appears at low velocity ratios, consistent with the results presented in Figure 6 and discussed above.
TRANSONIC WING EXPERIMENTS
Airfoil Section Model
The airfoil used in the transonic wind tunnel experiments was a modified SP215 with a 25% chord flap at the leading edge. The model, shown in Figure 11 Figure 11 ).
Valve Performance Measurement
A series of flow measurements evaluated the performance of the pulsed valve. A piezoelectric pressure transducer fitted with a small diameter pitot probe was used to measure jet exit velocities. Since the piezoelectric transducer was not capable of measuring steady pressures, a dial pressure indicator was also used to determine mean jet dynamic pressures. This mean was then added to the value measured by the piezoelectric transducer to obtain the actual pressure.
The signal from the piezoelectric transducer was sampled using a high-speed data acquisition system at 71.68 kHz. Figure 12 plots a train of jet pulses for which the pressure inside the valve was 2.8 MPa. The signal exhibits a ringing, a result of the dynamics of the transducer. However, the pulse shape is clearly represented consisting of a high, narrow peak. Due to complexities in the flowfield, it is difficult to correlate the stagnation pressures measured from the probe to exit velocities. However, if it is assumed that the flow is fully developed at the peak of the pulse profile and a normal shock stands in front of the probe, the calculated peak exit Mach number is M = 3.45.
High-Speed Facility
High-speed experiments were conducted in the 6 x 22 in. blow-down transonic wind tunnel at the Ohio State University Aeronautical and Astronautical Research Laboratory. The experiments described below were performed in the range of 0.3 M 0.5. The tunnel is driven from pressurized tanks and a settling chamber with flow conditioning screens precedes the test section. To achieve realistic flight Reynolds Numbers the test section was operated above atmospheric pressure, with typical static pressures ranging from 30 to 40 psia depending on the free stream Mach number.
The wind tunnel is equipped with a wake velocity probe and a pressure scanning system to assess airfoil performance. The wake probe traverses the test section vertically and is used to measure the airfoil wake velocity profile to determine drag. The pressure scanning system measures upper and lower surface static pressure distributions on the test airfoil from pressure tap arrays. It incorporates a guillotine mechanism to sample and lock the pressure from each tap during the course of a test run. A Scanivalve then scans the channels and a pressure transducer measures each of the stored pressures after the run is completed. The duration of each experimental run was approximately 10 seconds. Evidence that the jets increase lift, at least in the subcritical case, by preventing separation can be found in Figures 17 and 18 . Figure 17 compares the pressure distribution on the airfoil for two cases -one with and one without jets. The pressure distribution in Figure 17a exhibits a weak suction peak and flat upper surface pressure profile consistent with airfoil stall. Figure 17b indicates that the leading edge pressure peak is restored with the use of the pulsed jets, showing that the jets have suppressed the separation from the upper surface. Figure 18 shows the wake velocity measurements for the same cases as shown in Figure 17 . In the baseline plot (Fugure 18a) the wake velocity deficit is broad and irregular, consistent with expectations for the wake of a stalled airfoil. Figure 18b shows a narrow, smooth wake velocity profile, indicating that the jets have indeed re-attached the flow.
Discussion of High Speed Test Results
ACCURACY OF EXPERIMENTAL MEASUREMENTS
Estimates of the uncertainty in these experimental measurements is based on information provided by the operators of the wind tunnel. For the lambda-wing experiments, the primary experimental instrument was the force balance which can measure forces to within 4.5N (1 lb).
For the lambda-wing model, these uncertainties correspond to aggregate coefficient uncertainties of 0.07 at a freestream velocity of 33 m/s, and 0.04 at 66 m/s. Primary measurements in the high-speed experiments were of the wing pressures and the downstream dynamic pressure. The pressure transducers had an accuracy better than 25 Pa.
Integrating the error over the upper and lower wing surface provides an estimated lift coefficient error of 0.005 at Mach 0.3.
SUMMARY
The experiments described above were designed to investigate the usefulness of pulsed vortex generator jets on configurations relevant to aircraft. The pulsed jet devices were first evaluated for low speed/high-. flight of an advanced fighter configuration -the lambda wing.
The tests were then extended to higher speeds to show that the jets may be useful in conditions relevant to transonic cruise.
The lambda-wing tests showed that the jets can increase lift and decrease drag at high angles of attack, offering improved post-stall maneuver performance. The jets produced peak lift increases as high as 7%. In addition, the jets can be operated asymmetrically to provide lateral maneuvering control in this region where conventional control surfaces have reduced effectiveness. The variation in effectiveness with velocity ratio further endorses the use of PVGJs for lateral directional control.
The transonic airfoil tests showed that the jets are very effective just below critical conditions and, although their effectiveness is reduced, show some ability to suppress separation at supercritical speeds. There effect is to increase lift while causing only small changes in drag, resulting in an overall increase in L/D. The improvements at low speeds may be used to reduce take-off or landing speeds. The lift increases in the higher speed cases, although small, indicate that the jets may be useful for preventing separation induced by hinge line shocks at transonic speeds.
The jet design parameters were all based on earlier low speed experiments with plates and airfoil sections. The lambda wing tests provided an opportunity to explore the effect of parameter variation. The investigation revealed that the empirical scaling rules derived for the low speed sections can not be directly applied to swept and tapered wings using the mean aerodynamic chord. It is reasonable to think, then, that greater effects may be achieved in the transonic case with a better set of operating parameters. Unfortunately, the high speed test did not provide an opportunity to explore parameter effects. It may also be true that jet placement, particularly for the lambda wing, cannot be extended directly from the preliminary investigations.
There were no geometry variations in any of the experiments described herein, so no conclusions may be drawn on that matter.
The results show that PVGJs will be useful for aircraft configurations. Applications include improving high-alpha maneuvering for fighters, take-off roll reduction, and reduction of L/D for transonic cruise. 
